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Backscattering-Based Measurement of Reactive
Antenna Input Impedance

Pekka Pursula, Dan Sandström, and Kaarle Jaakkola

Abstract—A scattering technique for measuring reactive an-
tenna input impedance is described. The antenna scattering is
measured with three different loads: an open circuit, a conjugate
match, and a reactive match. The load reactances tune the an-
tenna into resonance at the measurement band. Theory and error
considerations are presented, as well as measurement results of
two ultra high frequency radio frequency identification antennas.
The measurements were performed in a gigahertz transverse
electromagnetic mode cell. The measured impedances are within
about 10% of the simulated values for a dipole-like antenna.
The results of a planar inverted-F antenna are somewhat more
complex, but also supported by the presented simulations and the
coaxial impedance measurement results.

Index Terms—Antenna impedance, backscattering, radio fre-
quency identification (RFID), ultra high frequency (UHF).

I. INTRODUCTION

BACKSCATTERING-based antenna input impedance mea-
surement techniques have been studied for decades [1], [2].

These techniques are not widely adopted, even though simple
procedures with accurate results, like [3] and [4], have been
reported. There are probably two reasons for this: 1) the scat-
tering measurement in general requires sensitive instruments,
and 2) in many cases, a feed-line connection to the antenna is
needed to obtain results with sufficient accuracy. Recently, how-
ever, interest in backscattering measurements have increased,
especially with radio frequency identification (RFID)-antennas,
where the feed line connection to the antenna port is difficult
to obtain. A backscattering-based radar cross-section measure-
ment has been studied recently in [5], but the analysis was not
developed far enough to extract the antenna input impedance
from the backscattered signal.

In ultra high frequency RFID (UHF RFID), a capacitive
integrated circuit (IC) is connected directly to an antenna.
Optimizing the efficiency of the RF rectifier of the RFID chip
has lead to highly reactive input impedances of the IC. Optimal
operation of the transponder, or the tag, requires conjugate
matching between the antenna and the IC, resulting in inductive
antenna input impedances. The magnitude of reactance of
the IC and the antenna can be even ten times higher than the
resistance. Antennas like this cannot be simply connected to a
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50 feed line for input impedance measurement. A matching
circuit could be used, but this does not remove the feed line,
which affects the antenna behavior. In addition, the frequency
behavior of the matching circuit differs from the behavior of
the capacitive IC chip.

In the technique introduced in [3], the antenna scattering
is measured with three resistive loads. The antenna input
impedance is then calculated based on a linear three port
model. The technique will be expanded for reactive load
impedances, to measure the input impedance of an inductive
antenna with a capacitive load. The technique perfectly fits to
the measurement of UHF RFID antennas, because the capaci-
tive loads are almost identical in frequency behavior to the load
introduced by the RFID IC chip.

The advantage of proper loading cannot be overemphasized
for two reasons: 1) since the antenna is tuned to resonance with
the load, signal to noise ratio is optimized; and 2) the load of
the antenna affects the antenna scattering in many unexpected
ways, as will be seen later in this paper.

A scattering measurement is needed to measure the input
impedance of a small reactive antenna; feed line measurements
do not give accurate results, since the feed line couples strongly
to the antenna and radiates as a part of the antenna. Especially
this is a problem with small antennas, like RFID antennas, and
with antennas whose feedpoint is not single-ended, e.g., planar
inverted-F antennas (PIFAs) with small ground plane [6]. In the
case of the technique to be introduced, no instrumentation other
than a vector network analyzer is needed.

In the next section, the theory of the measurements is ex-
tended for reactive loads. After that, error analysis is presented.
As an experimental verification, two reactive antennas are mea-
sured near 869 MHz in a gigahertz transverse electromagnetic
mode (GTEM) cell. The measured antennas are specially de-
signed RFID tag antennas for various applications. It is of great
importance to be able to measure these antennas wirelessly in
order to obtain information on their operation in different envi-
ronments, and for a basis of their optimization. In Section V the
measurement results are compared with simulations and coaxial
feed line measurements.

II. THEORY

In this paper, we rely on the formulation developed by Har-
rington [2] and use the method described by Mayhan [3], with
some exceptions. Harrington described the antenna under test
(AUT), the receiving and transmitting antenna, as a linear three
port network, which can be characterized with three impedance
oradmittance parameters. In this paper, the calculations are based
onimpedances, so theseparametersare , and .Subscript
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is for receiving and for transmitting antenna respectively;
describes coupling between receiving and transmitting antenna,
and coupling between transmitter and the AUT.

When the AUT is in the electric field of the transmitting an-
tenna, it backscatters part of the incoming field. This scattered
field is then received causing an excitation voltage at the re-
ceiving antenna. This relationship is, according to [2]

(1)

where is the antenna input, or drive port, impedance of AUT
and is the load impedance attached to the terminals of AUT.

To obtain from (1), which consists of three unknown pa-
rameters , and , it is evident that three measurements
with three different loads are needed. Mayhan [3] used a short
circuit, an open circuit and a resistive load. Because of the re-
active nature of RFID antennas, the short circuit was replaced
with a capacitive load in order to achieve resonance at the de-
sired frequency. For the same reason, the resistive load was re-
placed with a capacitor and resistor connected in series. These
three different load are denoted by , and . Subscript
is for capacitive load, for open circuit and for matched load.
The same subscripts are used for the measured scattered fields,
denoted by , and . They can be solved by substituting
different load impedances into (1), resulting in

(2)

(3)

(4)

where is a dimensional constant. Substituting (2) into (3) and
(4), results in a new set of equations

(5)

(6)

Dividing (5) with (6) and solving for gives

(7)

where contains the measured scattered fields, which can be
associated with a relevant scattering parameter; in this paper a
monostatic case is considered and thus is used. Now can
be expressed as

(8)

III. ERROR ANALYSIS

The technique gives accurate results when the antenna mode
scattering dominates over the structural mode scattering, which

holds for the rod antennas measured in [3] for a very wide band.
In (1), the first term describes the structural mode scattering
and the second term the antenna mode scattering [7]. The struc-
tural mode scattering neither depends on the load of the antenna
nor the antenna input impedance, but the antenna structure, e.g.,
metal plates in PIFAs, scatter nevertheless. The other term de-
scribes antenna mode scattering, that depends on the antenna
input impedance and load. The antenna mode scattering arises,
because the structure works as an antenna, feeding power to the
load. Hence, it is natural that the signal to noise ratio of the an-
tenna input impedance measurement is at its maximum when
the antenna mode dominates the scattering.

In Section II, the three different loads were chosen to be an
open circuit, a capacitive load and a matched load. The value of
the capacitor is based on the simulated antenna input impedance
and is determined in Section V. The resistor value should be
chosen so that it contributes to the total error as little as pos-
sible. Mayhan [3] listed various error sources in his article, but
our interest is to find the optimal value for the resistor. When
attaching different loads to the AUT, physical displacement er-
rors occur. This error type is dominating in higher frequencies.
The error is calculated using partial differentiation. Taking into
account the phase shift when the AUT is removed for load at-
tachments, we get

(9)

where refers to , and . stands for the residual back-
ground level after background cancellation methods have been
used and is the phase shift caused by displacement. The
background level can be estimated from the undulation of the
S-parameter magnitude curves.

By denoting the displacement error as , (9) takes the fol-
lowing form:

(10)

After some manipulation, an expression for the error as a func-
tion of measured scattering parameters is obtained

(11)

Assuming that the -variables are uncorrelated, summation
in (11) can be done quadratically. It is also assumed that the

-variables are equal and denote them as . The final form of
the error estimate, denoted by , is thus

(12)
In (12), stands for the residual background level [see (9)].
The equation consists of differences between two -parame-
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Fig. 1. Relative error in Z as a function of the load resistance R . Reactive
matching is assumed perfect, and resistances R = 0 and R =1.

ters. Using (2)–(4), an expression can be derived for , that
includes the different load impedances and

(13)

The input resistance has been introduced into the equation
to make the bracketed term that describes the error as a function
of the impedances unitless.

In order to determine the optimum choice for the load resistor
in , the bracketed part of (13) was calculated at the resonant
frequency by substituting different resistor values to the load

. For simplicity, the reactive match is assumed to be perfect.
The result is in Fig. 1. The smallest contribution to total error is
achieved when the resistor value is chosen to be the same as the
antenna input resistance.

The same kind of calculation can be made for reactive mis-
match of and with respect to . Denoting the reactive
part of as and as the reactive part of , , we
can use (13) and vary . The result is in Fig. 2, from which we
can see that the error related to reactive mismatch is at its min-
imum when the reactive part of and equals the reactive
part of .

The error grows with increasing reactive and resistive mis-
match. The loads can only be fully matched to the antenna at
one frequency point. Hence, the error grows when leaving the
antenna center frequency.

IV. ANTENNAS UNDER TEST

The transponder antenna is the most critical part of the system
in many applications of passive UHF RFID. This is mostly be-
cause the performance of the antenna, realized as the maximum
reading distance of the tag, tends to be affected by the mounting
platform as well as the whole near environment of the tag. The
two antennas measured, shown in Fig. 3, represent two types of
UHF RFID tags.

The Palomar antenna [11] is a single-layer structure espe-
cially designed to be compact in size and to provide an almost

Fig. 2. Relative error inZ as a function of the reactive mismatch jX +X j,
where load reactances X = X = X . Resistances R = 0, R = R

and R = 1.

Fig. 3. The measured antennas: on the left the PIFA and on the right the
Palomar antenna.

isotropic radiation pattern. This is due to its operation both as
an electric and a magnetic dipole. The prototype measured has
been fabricated by cut milling on a single-layer FR4 board. Be-
cause the antenna is a single-layer structure, it can also be man-
ufactured inexpensively as a label using the most common tech-
nology of today’s tag manufacturing.

The PIFA antenna [12] has been designed to be mounted on
any surface, especially on metal that is practically impossible
for direct mounting of a dipole-based label antenna. This an-
tenna prototype has been realized using printed circuit board
technology on a two-metal-layer panel of low-loss microwave
material (RO4003). The size of the antenna is .
The short-circuiting contact between the layers of the antenna,
which is required for the PIFA structure, has been implemented
by a set of vias at one edge of the antenna patch. There is also a
via connection at the feed point of the antenna. This type of tag
antenna is more expensive to produce than the more common
labels. Such antennas are typically used for recyclable tags in
harsh environments, e.g., pallets and containers.

In the case of the Palomar antenna and similar structures, the
measurement method concerned is of special importance. Be-
cause of its omnidirectional radiation pattern, the operation of
the antenna is easily disturbed by any cable connected to it; thus
the impedance reading would be inaccurate in such measure-
ment. Theoretically, a PIFA-type antenna radiates in half-space
and its feed impedance can be measured using a coaxial cable
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Fig. 4. Measurement setup. The scattering parameter S is measured with the
vector network analyzer (VNA).

and tapped feed through the ground plane of the antenna. This
has been done to the PIFA concerned for comparison, and the re-
sults are examined in the next section. Practical PIFA antennas
have non-infinite ground plane, especially RFID tag antennas
that have to be compact in size. Therefore, the coaxial cable
feed does disturb the antenna.

V. MEASUREMENT RESULTS

To verify the theoretical results, the two antennas introduced
in the previous section were measured with the technique. Both
are designed for direct matching to a UHF RFID IC chip. The
designed input impedance of the antennas is
at 869 MHz. The inductive input impedance is matched by a
capacitive load of 1 pF, i.e., a reactance of at 869 MHz.
A resistive load of 15 for was chosen because the relative
error quickly rises, if .

The measurements were carried out in a GTEM cell, de-
scribed in [8]. GTEM cells have been used to measure radiation
patterns [9] and gain of small antennas [10]. The GTEM cell is a
waveguide, in which a plane wave propagates with TEM-mode.
Thus the wave propagating in the cell is similar to a wave
in free space. However, mismatch in wave and characteristic
impedances has to be considered if absolute values of the
scattered signals need to be determined, i.e., when measuring
the antenna gain [10]. But, in our case, the input impedance
of the antenna is calculated from relative scattered signals. In
other words, the coupling constant in (2)–(4) is not needed
in (7) to calculate the input impedance.

The schematic of the measurement setup is presented in
Fig. 4. The antenna under test (AUT) was positioned in the
GTEM cell and the scattering parameter measured with the
vector network analyzer (VNA), which was connected to the
feed point of the GTEM cell. The measurement was repeated
with the three different loads connected to the AUT. The of
the empty GTEM cell was also measured; this was not needed
to calculate the input impedance of the antenna, but only
to present the change in due to the different loads with the
background subtracted.

Fig. 5 presents the measured magnitudes of the scattering pa-
rameter of the Palomar antenna with four different loads.
The load describes the antenna structural mode. The
capacitive and matching loads give rise to antenna mode, which
dominates the structural mode in the application band.

An interesting phenomenon is observed with the capacitive
load: if no series resistance is present, the antenna center fre-
quency is shifted to higher frequencies and, more important, the

Fig. 5. Measured scattering parameters S of the Palomar antenna with dif-
ferent loads.

of the capacitive load and the matching load cross. This
leads to evident error in the input impedances, for diverges,
when equals as seen from the (7).

The reason for this behavior was beyond the resources of the
study but was probably due to the series inductance of the chip
resistor. An empirical solution for the problem was found: By
adding a small series resistance to the capacitive load, the center
frequency remained at the center frequency of the matched load.
Hence, loads , and
were used.

Figs. 6 and 7, present the results of the Palomar antenna input
impedance, as well as simulations with the HFSS software. In
the case of the reactance, the opposite reactance of 1 pF at the
center frequency of the scattering peaks in Fig. 5 is presented as
this should be the antenna reactance at the frequency.

The error is smallest in the middle of the scattering peak,
where the measured scattering parameters differ the most, as
seen from (9). The error sources of the measurement setup were
estimated as follows: The error in scattering parameter magni-
tude, or , was approximated as the ripple in the measured
curves in Fig. 5. The repositioning error was approximated as
1 mm. In this case, the effect of the repositioning error was over
an order of magnitude higher than the effect of the residual back-
ground. The resulting errors are presented in Figs. 6 and 7 as
the gray area surrounding the measured value. As expected, the
error grows as the difference between matched and shorted scat-
tering parameters in Fig. 5 diminishes. Very accurate results are
acquired at the resonance peak frequency.

The PIFA antenna was also measured with four loads, as
seen in Fig. 8. In the open-circuited case the antenna self-res-
onance is seen at 910 MHz. Also here the resonance peak shift
to higher frequencies with zero load resistance, and a series re-
sistance of 1 was added to the load . The resonance seems
to have slightly different characteristics here than in the case of
the Palomar antenna: the antenna mode scattering seems to add
to the structural mode in anti-phase at frequencies below the res-
onance peak, resulting in scattering parameter amplitudes below
the structural mode.

Figs. 9 and 10, present the results of the PIFA antenna input
impedance, as well as simulations and a reference measurement:
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Fig. 6. Measured and simulated input resistances of the Palomar antenna. The
gray area represents the error in the measured value.

Fig. 7. Measured and simulated input reactances of the Palomar antenna. The
gray area represents the error in the measured value.

Fig. 8. Measured scattering parameters S of the PIFA antenna with different
loads.

A coaxial feed line was attached to the antenna feed point and
the scattering parameter measured with a VNA. The oppo-
site reactance of 1 pF at the center frequency of the scattering
peaks in Fig. 8 is also presented.

Fig. 9. Measured and simulated input resistances of the PIFA antenna. The gray
area represents the error in the measured value.

Fig. 10. Measured and simulated input reactances of the PIFA antenna. The
gray area represents the error in the measured value.

Immediately it is seen that the measurement result of the an-
tenna resistance cannot be right at low frequencies, where neg-
ative values are obtained. This happens as shorted and matched
scattering parameters sink below the structural mode scattering.
However, reasonable results are obtained from 875 to 900 MHz,
where the antenna mode scattering dominates: the resistance
follows the simulated value in magnitude and shape. On the
other hand, the coaxial measurement does not give similar re-
sults. Because the PIFA does not have an infinite ground plane,
it is not ideally a single-ended structure: connecting the feed line
outer conductor to the ground plane induces currents to the outer
conductor, which leads to higher dissipation, and thus higher
measured antenna resistance.

The reactance hits almost exactly the opposite reactance of 1
pF, and the coaxial measurement results. The simulated value is
further away from the measured values, but the simulated value
cannot be considered a perfect reference for the scattering mea-
surement: the reactances of 3D antenna structures calculated
with HFSS often differ from results of other simulators (e.g.,
[13]). However, HFSS allows true 3D modelling without infi-
nite layers, which allows the study of ground plane size in small
PIFA antennas.
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In the measurement of the PIFA antenna, the scattering tech-
nique evidently has two problems: First, the PIFA is a com-
plicated three-dimensional system, which is probably not de-
scribed well enough by a simple series resistance and reactance
model, as is supposed in [1] and [2] as the theory of scattering
is developed. The structural mode is also high in magnitude (by
a factor of four in the scattering parameter higher than with the
Palomar antenna), and complex in frequency, as with patches
[14]. Taking into account the polarization coupling in the an-
tenna, like in [4], would probably give better results. Second,
the error estimates cannot describe the error due to too simple
an antenna model. Thus only a small value of error is presented,
even if the resistance is negative.

VI. CONCLUSION

This paper presented a scattering technique for antenna input
impedance measurements of reactive antennas. Theory was de-
veloped and sources of measurement error considered. Two re-
active antennas were measured at UHF frequencies. From the
error analysis and the measurements, it was seen that the tech-
nique gives the best results when the antenna mode dominates
the structural mode scattering.

The measurements of the Palomar antenna, a modified dipole,
justified the theoretical construction; the results of the measure-
ments and the simulations of the antenna coincided well. The re-
sults of the PIFA antenna were more complicated. The structural
mode of the PIFA antenna is high in magnitude, and the used
model is too simple to describe the scattering of this three-di-
mensional antenna accurately. Nevertheless, reasonable results
were acquired, where the antenna mode scattering dominated
the structural mode.

The measurement technique proved to be valid in a narrow
band, about three times the half-power bandwidth of the an-
tenna. However, this was achieved with very simple apparatus:
a vector signal analyzer and a GTEM cell, which could be re-
placed with an antenna and an anechoic chamber. No compen-
sation or background elimination techniques other than aver-
aging and scattering parameter reduction in the VNA were used.
The simplicity of the apparatus and the measurements makes the
technique advantageous in narrow band measurements.
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